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Definition of Stria e 
Chapter I 
INTRODUCTION 
Striae are very fine streaks in glass which result from 
local differences from the refractive index of the surrounding 
glass mass. In certain cases these striae may seriously affect 
the performance of an optical system while in other cases the 
effect may be unimportant, e ven when the striae are readily 
detectable. The quantitative dete r mination of the effect of such 
striae is therefor e an important proble m. These refractive 
index differences may be a~ much as four units w ith an averag e 
of two unit s in the fourth decimal piace. 1 For cords, which are 
very heavy striae, index differences may extend into the third 
decimal place. The index for a very heavy cord has been found 
to be as much as 0. 007 less than the glass mass. 2 When striae 
are present in optical glass, they are usually seen as fine lines 
in the glass. Striae in glass are similar in appearance to streaks 
formed when water and glycerin are stirred in a beaker. As 
the mixture is stirred streaks of glycerin are distributed through 
the water and are made v isible by the disturbance of light through 
the solution. 3 Striae in glass are generally not visible unless 
observed under special conditions. A method of detecting striae 
2 
is described in Chapter III. For examples of striae in optical 
glass, see Figures 4-6(a) through 4-lO(d). 
Causes of Striae 
Striae in optical glass are due to a combination of seyeral 
causes. Certain carefully measured ingredient s are melted at 
high temperatures in a clay pot. The refractive index of the melt 
varies throughout the melting mixture. This variation may be 
caused by4 ' 5 (1) incomplete mixture of batch ingredients; (2) the 
addition of unwanted chemicals liberated f r om the pot by cor-
rosion or erosion; (3} the inclusion of foreign materials, such 
as droppings from the furnace roof or metallic oxide from heating 
electrodes; (4} the selective settling of batch elements such as 
the settling of lead; and/ or (5} volatilization of certain compon-
ents of the melt. By using a proper stirring technique, the glass 
melt becomes a reasonably homogeneous mass except near the 
walls, bottom, and top of the melt. Stirring near the walls and 
bottom are avoided since it is desirable to exclude this inhomo-
geneous glass which has been contaminated with unwanted 
chemicals from the pot. The variation of index near the top 
surface of the melt is caused by volatilization. Even though the 
stirring process is complete, fine streams of glass of a small 
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difference of refractive index often find their way into the go-od 
or center portion of the glass melt. They result in the formation 
of striae. As the glass melt cools, there is a temperature be-
low which it is no longer possible to stir the glass efficiently; 
however, the glass is still in a somewh a t fluid state , and con-
vection currents can carry glass with small differences of 
refractive index throughout the pot. Faick, Williams, and 
Rynders traced convection currents by introducing a color agent 
in a glass melt. 6 They found a close cor relation between striae 
position and position of the color t r aces and concluded that the 
distribution of striae is due to convection currents. Large op-
tical blanks may be made by pouring the melt into large molds. 
How ever, it is difficult to pour out only the central or good 
portion of the pot; hence striae are often found in the blank. 
With the recent use of platinum pots the occurrence of striae 
in optical glass is less frequent i how e ver, the p r esence of any 
striae still po-ses a problem. 
The Effec t of Striae 
The refractiv e index difference between striae and the sur-
r ounding glass mass, even though it is small, results in an angular 
dev iation in the expected path of a light r ay through an optical 
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system. This misdirected or scattered light for each point in the 
image plane results in a deterioration of the image quality. The 
effect of str iae is greater fo r high-power optical instruments since 
the rays converge to- an imag e point under a smaller angle, and 
any slight shift in this light path affects the image quality. 7 ' 8 
The same angular shift of light in low -pow er or short focal-
length instruments is not nearly as obje ctionable since these in-
struments do not re-solv e the angular deteriorations caused by 
striae. Colonel Wright reported that the effect of striae depends 
on the amount and the location in an optical element. In a tele-
scope objective the striae are imaged near the exit pupil and have 
somewhat the same effect as wires directly in f r ont of the eye; 
yet, if the striae appear near the image plane, they can be seen, 
and they destr oy the definition fo r the par ticula.r part of the image 
they cover. In a photographic obj e ctive, str iae can enlarge the 
cir cle of confusion in the image plane and thus decrease definition. 9 
Smith, Bennell, and Merritt, as the result of an investigation as 
to how much damage may be caused by striae, reported that it 
w as difficult tO' give a definite answer as to the effect of striae. 
The y concluded that the effects of striae may be placed in two 
classes. In the first class, striae which are somewhat out 
of focus , such as at the collector lens of an eyepiece , r esult in 
5 
possible shadows being thrown across the field of view. In the 
second class, striae cause an image of a bright point to have 
streamers of scattered light and generally cause little damage 
in visual work unless the striae cover a rather large part of the 
aperture of the beam of light. 10 
Chapter II 
STATEMENT OF THE PROBLEM 
The Need for Determining the Effect of Striae 
6 
The work done by Wright, Smith, et al was accomplished 
in the early 1920's, and they were mainly concerned with optics 
associated with range finders, panoramic sights, telescopes, 
binoculars, and microscopes. Since this time, the use of large 
optical components has increased. Aerial photographic recon-
naissance has become an important factor in the successful 
accomplishment of military campaigns. A great amount of re-
search effort has been and is being expended to improve the ability 
of a photo-reconnaissance system to reproduce object detail. The 
requirements for excellent aerial photographic systems are comp-
licated by the fact that aircraft of today are traveling near the 
speed of sound and are capable of flying at altitudes much above 
those realized only eleven years ago. To meet the demand for 
bet ter reproduction of object detail, research is being carried out 
to improve the emulsion, camera body design, mount design, and 
opti cal design. Because of the need for better optical design, 
this study is conducted to quantitatively determine the effect of 
str i ae on optical image quality. With the large increase in photo-
graphic altitude, it is necessary to use lenses with longer focal 
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length and larger apertures. As the focal length of a camera 
system increases, one would expect an increase in image deter-
ioration due to the angular deflection of light caused by striae. 
As the aperture of a lens system becomes larger, it is more 
difficult to get a disk of optical glass free of striae. For small 
optics, it is possible to get many lenses from the central portion 
of a pot of glass which is relatively free from striae. For large 
optics, the problem of producing striae-free glass becomes 
more difficult and expensive. With high speed aircraft it is man-
datory that photographic windows be used. Thus, additional 
glass is e mployed in an optical system. The windows must be 
large, and, consequently, the problem of obtaining glass free 
of striae is the same as for large optics. The requirement for 
a modern photographic system to record as much object detail 
as possible is a difficult on·e, and it is neces·sary to determine 
the effect of striae on image quality. For if striae have an ad-
v erse effect, the image quality may be improved by their elim-
ination, and, if they do not have an adverse effect, less effort 
m a y be devoted to producing lar ge optics free of striae. 
Purpose of the Study 
The purpose of this study is to measure the effect of striae 
on image quality. This effect is due to striae found present in a 
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number of optical glass samples. Shadowgraphs of these samples 
are included in Chapter IV, and they show the amount and the grade 
of striae present. The measure of the effect of striae for each 
of these samples is obtained by an instrument called the scatter-
ometer. The resulting measurements represent an angular de-
viation of light from its expected path or the amount of light 
scattered. The amount of "image information" lost because of the 
angular deviation of light is not given and is considered beyond the 
scope of this study. 
Chapter III 
MEASURING THE EFFECT OF STRIAE 
IN OPTICAL GLASS SAMPLES 
To determine the effect of striae on image quality, op-
9 
tical glass samples were selected and prepared so that defects 
other than striae were reduced to a minimum. The samples 
were chosen so that the striae content varied from a considerable 
amount to no striae at all. 
This chapter is divided into three sections in order to 
present the method of selection and preparation of the glass sam-
ples, method of recording the amount and grade of striae, and a 
description of the test instrument, the scatterometer, with a test 
procedure used. 
Selection and Preparation 
In order to minimize the defects other than striae, twenty 
samples of optical glass were examined. These samples were 
made into excellent parallel plates by pitch polishing. The plates 
were then examined for homogeneity of refractive index with the 
aid of a four-inch Twyman-Green interferometer. Each glass 
sample was tested for the amount and distribution of strain by 
photographing the effect of the sample on plane-polarized light. 
10 
Recording the Grade and Amount of Striae 
To measure the effect of striae it is necessary to record 
the grade and amount of striae in each glass sample. The samples 
are graded according to the characteristic standard grades of 
A, B, C, and D, where Grade A represents the lightest striae. 
This is accomplished by a simple method suggested in National 
ll Bureau of Standards Report No. 2240. In the report Christianson, 
Saunders, and. King state that when white light from a small source 
is projected through a glass sample containing striae, shadowing 
effects or streaks are observed on a screen. This effect varies 
with the size of the light source, the screen to sample distance, 
and the sample to source distance. If the size of the source is 
increased, the streaks begin to disappear; therefore, the shadows 
of striae of a certain size disappear for some particular source 
size. The variation in the visibility of striae shadows with a 
varying source aperture is utilized to indicate the grade of striae 
in optical glass. By fixing the distances from the glass sample to 
the source and screen, and by varying the source aperture, Chris-
tianson, Saunders, and King were able to establish a correlation 
between source apertures and striae grades of the master standards 
deposited at the National Bureau of Standards. By using these 
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calibrated source apertures, a glass sample containing striae 
can be reasonably well graded without the use of the chosen 
master standard. This method is illustrated schematically in 
Figure 3 -I. Figure 3-1 represents a slight modification of the 
apparatus shown in NBS Report 224.0. This modification, sug-
gested by J. B. Saunders of the National Bureau of Standards, 
replaces the source and a condensing system with an opalescent 
bulb and opal glass diffusing screen. A 100-watt opalescent 
lamp, in a vented lamp housing, is at S and is placed as close 
as possible to the variable aperture at B. (See Figure 3-2.) 
The trade-mark on the bulb is removed by rubbing with wet emery 
on a rag. An opal glass disk at A is placed between the source and 
the variable aperture. The glass sample to be tested is placed 
normal to the axis of the system at C and 126 inches from the 
source aperture. (See Figure 3-3.) A finely ground viewing screen 
or a photosensitive screen is placed normal to the axis of the sys-
tern at D and 12 inches from the rear of the glass sample. (See 
Figure 3-4.) The NBS striae grader is placed in a darkened room 
with only the illumination from the source aperture falling on the 
viewing or photosensitive screen. The diameter of the calibrated 
source apertures with corresponding striae grades and suggested 
exposure times are given in Table 3-1. 
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FIGURE 3-1. SCHEMATIC OF N.B.S. VARIABLE SOURCE APERTURE STRIAE GRADER 
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FIGURE 3-2 LIGHT SOURCE OF NBS STRIAE GRADER 
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FIGURE 3-3 NBS VARIABLE SOURCE STRIAE GRADER 
FIGURE 3·4 POSITION OF GLASS SAMPLE AND VIEWING SCREEN 
OF THE NBS STRIAE GRADER 
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TABLE 3-1 
STRIAE GRADES WITH 
CORRESPONDING SOURCE APERTURE SIZE 
Diameter of Photographic 
Str iae Grade Sour ce Aperture Exposure Time 
A 0. 12 inch 165 seconds 
B 0.25 inch 40 seconds 
c 0.35 inch 18 seconds 
D 0.70 inch 6 seconds 
16 
(Note: Photographic exposure time is based on the use of G r ade 1 
Kodabromide paper developed in Dektol for 1 minute and 15 seconds 
at 68-°F.} 
A shadowgraph of a selected source ape r ture size will show 
the corresponding striae grade and worse. That is, a 0. 12 inch 
aperture will show striae classified as G r ades A, B , C , D, and 
w orse. 
Scatterometer and Test Procedur e 
The measur ements of the effect of striae on image quality 
w ere made on an instr ument known a s a scatt erometer. This in-
strument was designed and constructed by Watson of Boston Uni-
versity Physical Research Laboratories. 12 The scatterometer 
measur es the amount of light deviated or scatter ed in the image 
plane of the instrument. The measured amount of scattered 
light obtained is due to defects in the optical glass specimen 
being tested. 
The scatterometer is built around a collimator and a 
17 
telescope system. The telescope and collimator elements are 
made up of two 16-inch parabolic mirrors which have a focal 
length of 160 inches. The mirrors are supported at opposite 
ends of a 30-foot tube structure as shown in Figure 3-5. As 
shown in the optical schematic diagram, Figure 3-6, the 
mirror on the right serves as a collimator and the left mirror 
serves as a telescope. Coma in the scatterometer is zero 
because of the symmetrical arrangement. Astigmatism in-
troduced by the off-axis position of the mirrors is compensated 
for by placing two ophthalmic cylinders near the focal position 
of each mirror. Chromatic aberration is absent since reflecting 
surfaces are used. 
White light from a ribbon filament lamp is focused on a 
0. 001 inch pinhole target that is carefully positioned at an off-axis 
focus of the collimating mirror. Then collimated light passes 
through the optical glass sample being tested and is focused by the 
telescope mirror. A glass plate, upon which there are six opaque 
disks of varying sizes, is placed in the image plane of the telescope 
18 
FIGURE 3·5 THE SCATTEROMETER 
RIBBON FILAMENT LAMP r 
CONDENSER LENS • ~ 
PINHOLE TARGET----..__ 
1.5 DIOPTER CYLINDER---
PLANE MIRROR-----
16-INCH YIO ASPHERIC MIRROR (TELESCOPE) 
I. 5 DIOPTER CYLINDER 
931A PHOTO-MULTIPLIER TUBE 
16-INCH t10 
ASPHERIC MIRROR (COLLIMATOR) 
GLASS SAMPLE UNDER TEST 
PLANE MIRROR 
IMAGE PLANE AND OCCLUDING 
DISK PLATE 
FIGURE 3-6. OPTICAL SYSTEM SCHEMATIC OF SCATTEROMETER 
..... 
'<!) 
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mirror. The diameters of the occluding disks are listed in 
Table 3-2. 
TABLE 3-2 
IMAGE ANGLE 
Image Angle in 
Disk No. Disk Size in Inches Seconds of Arc 
1 0.0668 86.0 
2 0. 0334 43.0 
3 0.0172 22.0 
4 0. 0098 12.6 
5 0.0054 7. 0 
6 0.0030 4.0 
The occluding glass plate can be positioned by a three coordinate 
micrometer stage so that the image of the pinhole target may be 
carefully occluded by one of the disks. A microscope is focused on 
the image plane and permits optimum visual adjustment of the oc-
eluding disk pla te. (Refer to Figure 3-7.) The light that passes 
through the image plane falls on the cathode of a 931A photomul-
tiplier tube which is attached to a demonstration eyepiece of the 
microscope. (See Figure 3-8.) The output of the 931A tube is fed 
into a Leeds and Northrup strip cha rt recorder. The intensity of 
the pinhole image is controlled by a regulated voltage p o wer supply 
Zl 
I 
• 
• 
• 
• 
Figure 3-7. Occluding Disk Plate Enlarged SX 
FIGURE 3-8 RELATIVE POSITION OF MICROSCOPE, OCCLUDING DISK 
PLATE, AND 931 A TUBE 
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fed to the ribbon filament light source through a variac and step-
down transforme r . 
In a theoretically pe r fect optical system all of the light 
is concentrated in a diffr action image of the pinhole. When an 
occluding disk is placed over the image, the image light is 
blocked off. If a glass sample containing striae is placed in 
the scatterometer and light is deviated o r scattered by the striae, 
some of the light will pass the occluding di-sk. The relative 
intensity of this deviated or scattered light represents a meas-
ure of the effect of striae on optical image quality. Since the 
scatterometer is not a perfect system, a simple te·st procedure 
is followed to cor rect fo r the scattering in the system. The 
image of the pinhole is allowed to fall near but not on an oc-
cluding disk. The intensity of the pinhole image is adjusted 
until the recor der reads' approximately full scale. Then the 
occluding disk is adjusted over the pinhole image and a mini-
mum recor der reading is made. The ratio of the minimum re-
corder r eading to. the maximum recorder reading is a measure 
of the deviated or scattered light in the system along. This 
procedure is repeated with the glass sample placed in the 
scatterometer . The diffe r ence between the two r atios is a 
measure of the effect of striae on image quality. The results 
24 
are expressed in the per cent of light deviated o r scattered 
outside a given image angle. The given image angle depends on 
the occluding disk diameter. The conversion of disk size to 
image angle is given in Table 3-2. 
CHAPTER IV 
RESULTS AND ANALYSIS 
25 
Of the original twenty optical glass samples, five were 
judged to be suitable for testing. These samples represent 
optical glass containing varying amounts and grades of striae. 
The samples were thoroughly examined to insure that other 
defects in the optical glass were at a minimum. 
The samples selected were assigned an identifying num-
ber from 1 to 5. The number assigned and a physical de-scription 
of each glass are presented in Table 4-1. 
TABLE 4-1, 
GLASS DESCRIPTION 
Sample No. Type Diameter Thickness 
1 517645 12 1 I 4 inches 1 3/16 inches 
2 523586 10 7/16 inches l inch 
3 523586 10 7/16 inches 1 inch 
4 617366 8 1/4 inches l 1/8 inches 
5 611572 10 3/8 inches 7/8 inch 
Only the central portion of each glass was selected for test 
by centering a six-inch aperture on each sample. The size of the 
aperture was limited by the smallest glass sample size. This 
26 
minimum diameter will exclude any deviation or scattering of 
light that might be caused by the edge of the glass, mounting 
pads, and/ or the effect of any i r regularities of the two surfaces 
due to a turned down edge. The area tested is included in a 
circle drawn on the first striae shadowgraph of each glass num-
ber. (See Figur es 4-6(a), 4-7(a), 4-8(a), 4-9(a), and 4-lO(a).) 
This chapte r is divided into four sections which give ( 1) the 
r esults of the examination for other defects in the optical glass; 
(2) the amount and grade of striae; (3) the effect of striae; and 
(4) a summary. 
Examination for Other Defects 
The surfaces of each optical glass sample were made 
regular to about one-eighth of a wavelength of green light. This 
amount is small enough so that there is a minimum amount of 
deviation or scattering due to surface irregularities. 
The amount and distribution of strain in the five glass 
samples are shown in Figures 4-1 through 4-5. The small light 
spot above the lower lefthand mounting pad is caused by a reflec-
tion from an old identifying number mount ed on the edge of each 
sample. The horizontal streaks across the glass sample and 
across the polarizer are not a part of the strain pattern but are 
due to uneven illumination of the polarizing filter. There is 
2 7 
FIGURE 4-1 STRAIN PATTERN 0 F GLASS SAMPLE NO. 1 
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FIGURE 4-2 STRAIN PATTERN OF GLASS SAMPLE NO. 2 
FIGURE 4-3 STRAIN PATTERN OF GLASS SAMPLE NO. 3 
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FIGURE 4-4. STRAIN PATTERN OF GLASS SAMPLE NO. 4 
31 
FIGURE 4-5 STRAIN PATTERN OF GLASS SAMPLE NO. 5 
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evidence of some strain in glass sample l (see Figure 4-1) and 
glass sample 5 (see Figure 4-5); however, the samples were 
viewed with a quarter wave plate and the retardation of the trans-
mitted light was found to be less than one quarter of a wave. 
This is consistent with re_sults obtained when the samples were 
examined with a Twyman-Green interferometer. The deviation 
of light that could result from birefringence in the glass sample 
is considered negligible. 
The wave front transmitted through each sample was ex-
amined with the aid of a four-inch Twyman-Green interferometer. 
Any local variations of the optical path through the glass sample 
will produce fringes which represent contour lines of the distorted 
wave front and will permit the detection of any optical defects in 
the glass. Since the Twyman-Green interfe r ometer has only a 
four-inch aperture, it was necessary to scan the six-inch diam-
eter section of the glass sample. The wavelength of light used 
in the interferometer was 5461 Angstroms. A brief description 
of the wave front for a single passage through a glass sample 
is given in Table 4-2. 
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TABLE 4-2 
WAVE FRONT ANALYSIS 
Sample 
No. I r regularities 
l The wave f r ont was found to be generally better than 
one-quarter of a wave. Approx imately one and one-
half waves of power over the four-inch aperture of the 
interfer ometer w ere found. (Note: This power is com-
pensated for by changing the focus of the microscope 
stage of the scatterometer.) No striae were observed. 
2 Between one-half to one-fourth of a wave of asphericity 
was found; however, the contour was smooth. Striae 
were observed. 
3 Approximately one- sixth of a wave irregularity was found. 
Str iae were observ ed. 
4 Several local irregularities near the edge of the six-inch 
aperture were observed. These irregularities were 
equal to, but did not exceed, one-quarter wave. There 
was evidence of some variation of index in the striated 
area. Striae were observed. 
5 The irregularities do not exceed one-quarter wave . 
From the results of the examination of the glass samples with 
the Twyman-Green interferometer, it is concluded that optical de-
fects other than striae are generally less than one-quarter wave, 
and they are at a desired minimum. 
The Amount and Grade of Striae 
The amount and grade of striae are shown in scaled down re-
productions of shadowgraphs of each glass sample. Figure numbers 
34 
show ing the grades of striae for each glass sample are cata-
logued in Table 4-3 . 
TABLE 4-3 
FIGURE NUMBERS FOR STRIAE GRADES 
Sample Striae Grades 
No. A,B,C,D B,C,D C,D D 
1 4-6(a) 4-6(b) 4-6(c) 4-6(d) 
2 4-7(a) 4-7(b) 4-7(c) 4-7( d) 
3 4-8(a) 4-8(b) 4-8(c) 4-8(d) 
4 4-9(a) 4-9(b) 4-9(c) 4-9(d) 
5 4-lO(a) 4-lO(b) 4-lO(c) 4-lO(d) 
No attempt is made to quantitatively dete r mine the pop-
ulation of the various grades of striae. However, in Table 4-4 
the glass samples are arranged in order of increased striae 
content with a general description of the str iae based on a qual-
itative analysis of the shadowgraphs fo r the five glass samples. 
The area examined is shown within the circle drawn on the first 
shadowgraph of each sample and represents the chosen six -inch 
aperture. 
Sample 
TABLE 4-4 
CLASSIFICATION OF GLASS SAMPLES 
ACCORDING TO STRIAE CONTENT 
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No. Striae Description 
1 No striae are present. 
5 GradeD: 
None is present. 
Grade G: 
A very small amount is present. 
G r ades B and A: 
A considerable amount is present and is evenly dis-
tributed throughout the six-inch aperture. {Note: The 
str iae in this sample are circular and are caused by 
shears which have been used to cut the flow of the molten 
glass prior to filling a mold.) 
2 GradeD: 
There is approximately a total length of 24 inches present. 
Grade C: 
Very little is present. 
Grades B and A: 
A small amount is present. 
3 GradeD: 
There is approximately a total length of 20 inches present. 
Grades C and B: 
A considerable amount is present. 
Grade A: 
A small amount is present. 
4 The classification of sample 4 according to striae content 
is difficult, since all the striae are in a relatively narrow 
band, leaving most of the aperture clear. There is some 
question as to whether the striae content is greater than 
in glass sample 3; howev er, there is a concentration of 
many striae in the band, and it appears that the striae con-
tent of sample 4 is some greater. The band of striae is 
approximately four inches long and contains a moderate 
amount of Grade D striae with a considerable amount of 
Grades C and B and a small amount of Grade A striae. 
FIGURE 4-6(a) GLASS NO. 1. SHADOWGRAPH OF GRADES A, B, C AND D STRIAE 
(Note: No striae present) Reproduoetion is approximately Y2 s.cale. 
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FIGURE 4-6(b) GLASS NO. l. SHADOWGRAPH OF GRADES B, C AND D STRIAE 
(Note: No striae present) . Reproduction is approximately Y2 scale. , 
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FIGURE 4-6(c) GLASS NO. 1. SHADOWGRAPH OF GRADES C AND D STRIAE 
(Note: No striae present) Reproduction is approximately Y2 scale.-
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FIGURE 4-6(d) GLASS NO. 1. SHADOWGRAPH OF GRADE D STRIAE 
(Note: No striae present) Reproduction is approximately Y2 scale. 
4 0 
FIGURE 4-?(a) GLASS NO. 2. SHADOWGRAPH OF GRADES A, B, C AND D STRIAE 
Reproduction is approximately Y2 ~cole. 
4 1 
FIGURE 4-7(b) GLASS NO. 2. SHADOWGRAPH OF GRADES B, CAN D D STRIAE 
Reproduction is approximately Y2 sco.e • . 
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FIGURE 4-?(c) GLASS NO. 2. SHADOWGRAPH OF GRADES C AND D STRIAE 
Reproduction is approximately Y2 scale. 1 
4 3 
FIGURE 4-7(d) GLASS NO. 2. SHADOWGRAPH OF GRADE D STRIAE 
. Reproduction is approximate y 
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FIGURE 4-8(a) GLASS NO. 1. SHADOWGRAPH OF GRADES A, B, C AND D STRIAE 
Reproduction Is approximately Y2 seal e. 
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FIGURE 4-B(b) LASS NO. 3. SHADOWGRAPH OF GRADES B, C AND D STRIAE 
Reproduction is approximately Y2 scale. 
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FIGURE 4-B(c) GLASS NO. 3 SHADOWGRAPH OF GRADES C AND D STRIAE 
_ReprQduction is app_roximately ~ sc~le. 
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FIGURE 4-S(d) GLASS NO. 3 SHADOWGRAPH OF GRADE D STRIAE 
Reproduction is approximately Yz scale,1 
4 8 
FIGURE 4-9(a) GLASS NO. 4. SHADOWGRAPH OF GRADES A, B, C AND D STRIAE 
R~.production is approximately ·~ scale. 
FIGURE 4-9(b) GLASS NO. 4. SHADOWGRAPH OF GRADES B, C AND D STRIAE 
· Reproduction is appr9ximately Y2 scale. 
FIGURE 4-9(c) GLASS NO. 4 SHADOWGRAPH OF GRADES C AND D STRIAE 
ReprQduction is approximately Y2 scale. 
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FIGURE 4-9(d) GLASS NO. 4. SHADOWGRAPH OF GRADED STRIAE 
Reprod_uction is opprox_imote_ly_% ·scole.
1 
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FIGURE 4-lO(a) GLASS NO. 5. SHADOWGRAPH OF GRADES A, B, C AND D STRIAE 
Reproduction is ~pproximately Y2 seale~: 
53 
FIGURE 4-lO(b) GLASS NO. 5. SHADOWGRAPH OF GRADES B, C AND D STRIAE 
Reproduction is appl'oximately Y2 scale. 
. . ·-··-- -·. ---- --~-- -· 
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FIGURE 4-lO(c) GLASS NO. 5. SHADOWGRAPH OF GRADES C AND D STRIAE 
Reproduction is approximately Y2 scale. 
55 
FIGURE 4-lO(d) GLASS NO. 5. SHADOWGRAPH OF GRADE D STRIAE 
Reproduction is approximately .Yl scale. 
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The Effect of Striae 
Photographs of pinhole images and the pattern of scat-
tered light in the image plane of the scatterometer were made 
and are shown in Figure 4,...13. The pinhole photographs give 
an indication of the deterioration of a point image caused by 
striae at exposure times comparable to those used in photo-
graphing a normal scene. Photographs were made of the pattern 
of the light scattered around each occluding disk for the system 
alone, five glass samples, and a combination of four glass 
samples. Since there is a smail per cent of light scattered 
beyond an image angle of 42 seconds of arc (disk 2), an exposure 
time was selected so- that the scattered light pattern at this 
angle is just visible. A just visible image of a _ horizontal streamer 
of the scattered light pattern produced by glass sample 2 is de-
tected at the center and to the left of disk 2. The elongated pat-
tern just below the scattered light pattern is a reflection caused 
by an ophthalmic lens in the s·catterometer. The light in this 
pattern does not affect the results presented in Figur e 4-ll, 
since this elongated light pattern is a constant in the scatter-
ometer and is cancelled when the system scattered light is sub-
tracted from the total light scatter ed. A small distorted 
secondary image of the pinhole source was discovered in the 
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photographs for glass samples 3 and 4. The secondary image 
is located in the lower left portion of the photograph for glass 
sample 3 and in the upper left por tion of glass sample 4. This 
image of the pinhole is caused by reflection of the collimated 
light between the two surfaces of the glass sample. The re-
flection for the other samples is beyond the field limits for the 
viewing system. The effect of this secondary image was cal-
culated for glass sample 4, and it was found that the contribution 
to the scattered light amounted to approx imately 0. 25 per cent. 
The effect of striae on image quality cannot be determined from 
the pictures shown in Figure 4-13, since it is not practical to 
subtract the light pattern of the system alone from the patter n 
for each of the glass samples. However, the shape of the scat-
tered light pattern can be clearly observed, and a great deal of 
qualitative information can be obtained about the effect of striae 
on optical image quality. 
The striae in glass sample 2 produced a streamer of light 
whic h is perpendicular to the direction of the striae in the glass. 
For glass sample 3 there are two streamers of light which are 
perpendicular to one another, and, as shown in Figure 4- 8{a), 
the striae are oriented in the same manner. In the photograph 
for the combination of glass samples 2, 3, 4, and 5, it can be 
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seen that the patterns of scattered light for each sample are 
added. 
Having determined that the optical defects other than 
striae w ere at a desired minimum and having shown the striae 
content for each glass sample, the effect of striae on image 
quality was quantitatively mea-sured on the scatterometer. As 
stated in Chapter III, the effect of stria e on image quality is 
expressed in the per cent of light deviated o r scatte r ed outside 
of a certain angle in the image plane. To insur e that the striae 
in a glass sample did not scatter light so widely that it could not 
be measured by the scatterometer, a simple test was conducted. 
The intensity of light transmitted through a two-inch clear aper-
ture of the sample was compared with the intensity of the light 
transmitted through an aperture nearly filled with striae. The 
striae filled aperture is represented by a small circle drawn 
on the striae shadowgraph in Figure 4-9(a}. The light scattered 
outside the acceptance angle of the scatterometer was less than 
one-half per cent and is not a significant amount for this work. 
For the glass samples tested, the effect of str iae on 
image quality is presented graphically in Figure 4-11. The per 
cent of light deviated or scattered should be reduced a small 
amount for glass samples 3 and 4. This adjustment of the curve 
59 
is necessary because of the light contributed by the secondary 
point image which was discovered in the photographs of the 
scattered light patterns. The contribution of the secondary 
image to scattered light was calculated to be 0. 25 per cent for 
sample 4, which is a dense flint glass. Sample 3 is of a type 
of glass with an index of 1. 52 which results in a contribution 
of 0. 18 per cent of light scattered from the secondary image. 
With a reduction of 0. 25 and 0. 18 per cent respectively for 
glass samples· 3 and 4, all of the curv es approach zero for an 
angle of 86 seconds of arc in the image plane. It :l:s reasonable 
to expect that the per cent of light scatte r ed should be negligible 
at the very large image angle of 86 seconds of arc; therefor e 
the curves for all the glass samples should coincide at this 
angle. 
In Figure 4-11, the curve fo r sample 1 shows that a very 
small per cent of light is deviated by optical glass that contains 
no striae. The amount of light deviated beyond an image angle 
of 7 seconds of arc is approximately zero except at an angle of 
22 seconds of arc. The reason fo r the slight rise of the curv e 
at 22 seconds is not obvious at this time. An analysis of the 
curves for glass samples 2, 3, 4, and 5, presented in Figure 4-11, 
indicates that the effect of striae on the pe r cent of light deviated 
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depends on the grade as well as the amount of striae. A com-
parison of the curves shows that the amount of light deviated at 
a large image angle is somewhat higher for glass samples that 
contain Grade D striae. According to the striae description of 
Table 4-4, glass samples 2, 3, and 4 contain Grade D striae. 
It appears that the finer striae, such as Grades A, B, and pos-
sibly C, affect the per cent of light deviated at a small image 
angle. It is observed that glass sample 2, with very little of 
Grades A, B, and C striae, has a low value for the per cent of 
light deviated at 4 seconds, while glass samples 3 and 5 have 
approximately an equal amount of dev iated light at 4 seconds of 
arc. There is a considerable amount of Grades A, B, and C 
striae in glass samples 3 and 5, and the amount in each sample 
is approximately the same. According to the striae description 
of Table 4-4, the amount of Grades B, C, and D striae in glass 
sample 4 is some larger than in any of the other samples. The 
effect of Grade D striae is comparable with the results ex-
pected at a large image angle. However, the per cent of light 
deviated at 4 seconds of arc exceeds that expected for the amount 
of Grades A, B, and C striae present. It is believed that the 
sharp increase in the per cent of light deviated at 4 seconds of 
arc is due in part to variation of index which was detected in the 
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wave front analysis presented in Table 4-2. 
A modern photographic system usually consists of a num-
ber of optical elements. If a number of the elements in the system 
contain striae it is expected that the optical image quality will de-
teriorate by a certain amount. In order to determine the per cent 
of light deviated, an optical system made up of a combination of 
striated glass samples 2, 3, 4, and 5 was tested in the scatter-
ometer. The per cent of light deviated by str iae in the combin-
ation is presented in the first graph of Figure 4-12. The second 
graph of Figure 4-12 represents the addition of the per cents of 
light scattered for the same glass samples when tested individ-
ually. The two curves show that the effect of striae in a com-
bination of samples is approximately equal to the sum of the per 
cents of scattered light p r oduced by the individual glass samples. 
Maximum amount of light deviated is approximately 8 per cent 
at an image angle of 4 seconds of arc. 
Summary 
It was pointed out that requirements for a modern photo-
reconnaissance system dictates that more object detail must be 
recorded, and consequently greater demands are placed on the 
film emulsion, camera body, photographic platform, and optical 
system. Because of this increa.sed demand, the effect of striae 
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Figure 4-13. Photographs of Pinhole Image and Light Scattered 
around Occluding Disk. Enlarged 9X. 
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on image quality is considered an important problem. Five glass 
samples were chosen with optical defects other than striae at a 
minimum and with the striae content as shown in the shadowgraphs 
of each sample. 
The results of this thesis show that the effect of striae on 
the per cent of light deviated depends on the grade as well as the 
amount of the striae distributed through01,1t the aperture. The 
finer striae, such as Grades A, B, and perhaps C, deviate the 
light at a smaller image angle. The glass samples arranged 
according to an increase in the per cent of light deviated are in 
the same order established for an increase in striae content. It 
was found that a combination of the glass samples containing striae 
resulted in an approximate addition of the per cent of light de-
viated by striae in the individual elements. Thus an increase of 
striae population in an optical system results in a proportionally 
greater deterioration of image quality. A criterion for the amount 
of image info r mation lost as a function of the per cent of light de-
viated at a given image angle has not been established and requires 
research beyond the limits of this study. In addition, it is felt 
that fur ther study should be conducted in order to devise a stand-
ardized method of quantitatively determining the population of 
striae grades in a glass sample. With the population of striae 
correctly determined, the effect of a certain grade of striae 
could then be accurately determined. 
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To show how the re·sults of this work may be used, a gen-
eral method is presented to determine the effect of the striae 
contained in the glass samples and is given for three photographic 
systems of diffe r ent focal length. The point image blur circle, 
expressed in seconds of arc, is calculated fo :t· an arbitrarily se-
lected resolution and for a given focal length camera system. If 
striae in one of the optical elements deviate.s light outside this 
blur circle, it follows that the efficiency of the photographic sys-
tem will be reduced and that the image quality will be adversely 
affected. The reduction in efficiency of an optical system caused 
by striae in the glass samples tested can be determined from the 
curves presented in Figures 4-11 and 4-12. It is only necessary 
to read the amount of light deviated at an image angle equal to 
the size of the blur circle. The reductions in efficiency of three 
practical photographic systems are summarized in Table 4-5. 
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TABLE 4-5 
REDUCTION IN EFFICIENCY OF PHOTOGRAPHIC SYSTEMS 
Focal Diameter of o/o Reduction in Efficiency 
Length Resolution Blur Circle for Samples 
(in.) (1/mm) rom sec of arc 2 3 4 5 comb 
6 30 I/30 43 0.3 0 0 0 1.5 
24 20 I/20 17 0.6 0 . 6 0.2 0 2.0 
100 10 1/10 8 1.2 1.2 0.8 0.3 3.8 
In practice, the per cent reduction of efficiency of a photo-
graphic system caused by a striae population similar to that in 
any of the single elements tested is concluded to be negligible for 
the 6 and 24-inch camera systems. Even though the criterion 
has not been established for the amount of infor mation lost as a 
function of per cent of light scattered at a given image angle, it 
is intuitively felt that striae in the single sample tested does not 
affect image quality for any of the camera systems. However, 
the combination of the striae contained in all the samples may 
affect the image quality. As is shown in Table 4-5, the effect of 
striae on image quality becomes rapidly more serious with an 
increase of angular resolution. 
APPENDIX 
SAMPLE DATA AND CALCULATIONS 
The data under the numbered columns represent the fol-
lowing values: 
Column 1: Maximum instrument readings without occluding 
disk in place. 
Column 2: Minimum instrument readings with occluding 
disk in place. 
Column 3: Measure of scattered light in system alone. 
Ratio of minimum instrument reading to- maximum instrument 
reading. 
Column 4: Maximum instrument reading without occluding 
disk in place for glass sample in system. 
Column 5: Minimum instrument reading with occluding 
disk in place for glass sample in system. 
Column 6: Ratio of readings of Column 4 to Column 5. 
Column 7: Measure of the effect on image quality expressed 
in per cent of light deviated or scattered. Difference between 
Column 6 and Column 3. 
GLASS SAMPLE 2 
Run Disk 
No. No . 1 2 3 4 5 6 7* 
1 1 89 0.6 0.007 80 0.6 0.006 -0. 1 
2 89 0.9 0 . 010 79 1.1 0 . 013 0.3 
3 90 1.8 0.020 79 2.0 0.024 0.4 
4 90 2 . 7 0.030 81 3.1 0.038 0.8 
5 91 4.2 0.046 80 4.8 0.060 1.4 
6 90 7.6 0.084 78 7.8 0. 100 1.6 
2 1 92 0.4 0.004 81 0.4 0.005 0. 1 
2 91 0.8 0.009 80 0.9 0. 011 0.2 
3 92 1.7 0.018 81 1.9 0.023 0.5 
4 92 2.6 0 . 028 81 2.8 0.035 0.7 
5 92 4.5 0.049 81 4 .7 0.058 0.9 
6 92 7.9 0.086 8 1 7.7 0.095 0.9 
3 1 89 0.4 0.004 79 0.4 0.005 0. 1 
2 89 0 . 9 0.010 8 0 1.0 0 . 013 0.3 
3 90 1.7 0.019 8 0 1.9 0.024 0.5 
4 90 2.6 0.029 81 2.9 0 . 036 0.7 
5 90 4. 3 0.048 8 1 4.8 0.059 1.1 
6 90 7.6 0.084 8 1 7.9 0.098 1.4 
AVERAGE OF THREE RUNS 
1 0.0 
2 0.3 
3 0.5 
4 0.7 
5 1.1 
6 1.3 
* In per cent. 
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ABSTRACT 
Striae are defined as fine streaks in optical glass that 
have an index of refraction different from that of the surrounding 
glass mass. The formation of striae occurs during the melting 
process and is attributed to a numbe r of causes. Striae in op-
tical glass result in an angular deviation of the light passing 
thr ough the glass. The purpose of this study is to determine 
the amount of light that is deviated in the image plane for a given 
amount and grade of striae. This is an important problem since 
many demands are being made to improve the information-
gathering ability of a modern photo-reconnaissance system. 
Five optical glass samples were selected and prepared so 
that defects other than striae were at a minimum. Selections 
were made so that there was· a variation of the amount and grade 
of striae in each of the samples. The amount of the character-
istic striae grades of A, B, C, and D was determined with the 
aid of a simple grader suggested by the National Bureau of Stand-
ards. The population of the various grades of str iae is shown 
in shadowgraphs made fo r each of the five glass samples. 
The per cent of light deviated in the image plane by striae 
w as measured in an instrument called the scatte·rometer. This 
per cent of light deviated fo r a given image angle is a measure 
of the effect of striae on image quality and is presented in 
graphical form. 
Results of this work show that the per cent of light deviated 
depends on the grade as well as on the amount of striae present 
in the glass sample. For finer striae, such as Grades A and B, 
light is. deviated at a small angle. It is concluded that the striae 
in any of the single samples tested will have little effect on the 
image quality of a photographic system. However, with an in-
crease of -striae population by the use of several of these samples, 
deterioration of the image quality may result. A criterion for 
the amount of image information lost as a function of the per cent 
of light deviated at a given image angle has not been established; 
how ever, a method is presented which shows how the data ob-
tained can be used to- determine the effect of striae on image 
quality for specific camera systems. It ier found that the effect 
of striae on image quality becomes more serious with an increase 
in angular resolution. 
